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6 .  ANALYSIS OF INFLATABLE LANDING SYSTEMS 

U s e  of a high s t r o k e ,  i n f l a t a b l e  landing system f o r  a Mars landing  w a s  

i nves t iga t ed .  This  i n v e s t i g a t i o n  w a s  i n i t i a t e d  because of t h e  p o t e n t i a l  

c a p a b i l i t y  of achieving a landing where the  equipment experiences much lower 

landing dece le ra t ions  than  those  assoc ia ted  w i t h  hard  l ande r s  and n o t  incur -  

r i n g  the  c o s t  of t e rmina l  propuls ion  and t e rmina l  guidance systems r equ i r ed  
f o r  s o f t  l anders .  

250 f t / s e c  and payload weights of 100 t o  400 l b .  These are considered ranges 

of i n t e r e s t  f o r  a low c o s t ,  1973 Mars lander  and are c o n s i s t e n t  w i th  t h e  use  

of a parachute  as a s i n g l e ,  t e rmina l  dece le ra to r .  

This  s tudy w a s  constrained t o  landing v e l o c i t i e s  of 50 t o  
b 

Objec t ives  e s t a b l i s h e d  f o r  t h i s  study were t o  determine f e a s i b i l i t y  of  

an i n f l a t a b l e  landing system f o r  Mars landings and t o  provide pre l iminary  

estimates of dynamic c h a r a c t e r i s t i c s .  The key parameter needed t o  a i d  i n  

de f in ing  f e a s i b i l i t y  is  the  energy absorpt ion c a p a b i l i t y  of t h e  torus .  

1 



6 .1  Summary 

A model drop test program w a s  performed t o  empi r i ca l ly  determine a t tenua-  

t i o n  c h a r a c t e r i s t i c s  of t h e  i n f l a t a b l e  torus  landing  system. T e s t  d a t a  were 

used t o  d e r i v e  a n a l y t i c a l  methods required f o r  conducting a paramet r ic  analy- 

sis. Var i a t ion  i n  t h e  fol lowing parameters were determined as a func t ion  of 

landing  v e l o c i t y  and payload weight:  
1 

o Landing System Weight 

o Maximum Load Fac to r  

o System Geometry 

o I n i t i a l  I n f l a t i o n  P res su re  

e 

I n  a d d i t i o n  t o  payload weight,  payload shape has  an e f f e c t  on landing 

system weight.  Fac to r s  i n f luenc ing  shape, such as payload packaging dens i ty  

and thermal  c o n t r o l  cons ide ra t ions ,  were s t u d i e d  a l s o .  

The fol lowing items needed t o  def ine landing system weight were i n v e s t i -  

ga ted  t o  a depth s u f f i c i e n t  f o r  parametr ic  s t u d i e s :  

o F a b r i c  Materials 

o Elastomers 

o I n f l a t i o n  Systems 

Also, payload attachment methods, a l t e r n a t e  landing system conf igu ra t ions  

and methods of rebound damping were inves t iga t ed  and are repor t ed  here in .  

The primary conclusion reached as a r e s u l t  of t h i s  s tudy i s  t h a t  an 

i n f l a t a b l e  t o r u s  landing system i s  f e a s i b l e  f o r  t h e  payload weights ,  ve loc i -  

t i e s ,  and s tudy c o n s t r a i n t s  considered. Furthermore, i t  w a s  v e r i f i e d  t h a t  a 

s imple a n a l y t i c a l  model can be  used t o  adequately p r e d i c t  s t r o k e  and acceler- 

a t i o n s  f o r  a t o r u s  landing f l a t .  

2 



6 . 2  Technical  Approach 

The t e c h n i c a l  approach used t o  in su re  achievement of program o b j e c t i v e s  

c o n s i s t s  of t h r e e  p a r t s  : 

o Model Tests 

o Ana ly t i ca l  Methods 

o Paramet r ic  S tudies  

A r igorous  method of a n a l y s i s  f o r  p red ic t ing  landing loads  and energy 

Therefore , .na absorp t ion  c a p a b i l i t y  of t h e  to rus  lander  w a s  n o t  ava i l ab le .  

model t e s t  program w a s  conducted t o  provide information f o r  empi r i ca l ly  

der iv ing  an a n a l y t i c a l  method. Because of o v e r a l l  s tudy program o b j e c t i v e s  

and known l i m i t a t i o n s  of t h e  to rus  model, ob ta in ing  h ighly  accu ra t e  t es t  d a t a  

w a s  n o t  requi red .  The main c r i t e r i o n  f o r  test d a t a  w a s  t h a t  i t  be s u f f i c i e n t -  

l y  accu ra t e  t o  determine wi th  confidence landing system f e a s i b i l i t y .  Payload 

weights ,  i n f l a t i o n  p res su res ,  landing v e l o c i t i e s ,  and landing a t t i t u d e s  ( f l a t  

and end landings)  were t h e  test  program v a r i a b l e s .  

Ana ly t i ca l  methods provide t h e  br idge  between empi r i ca l  s t u d i e s  of a 

model and paramet r ic  s t u d i e s  of a Mars lander .  It is  important  t h a t  p red ic t ed  

dynamic response of model using selected a n a l y t i c a l  methods agrees  wi th  

measured response.  Af t e r  t h i s  c a p a b i l i t y  i s  e s t a b l i s h e d ,  t h e  methods may be 

used wi th  confidence t o  s tudy f u l l  s c a l e ,  Mars l ande r s .  

The l a s t  p a r t  of t h e  approach involves  conducting paramet r ic  s t u d i e s  

cons i s t ing  p r imar i ly  of def in ing  design requirements f o r  t o r u s  landing  system. 

Resul t s  from t h e s e  paramet r ic  s t u d i e s  provide c a p a b i l i t y  f o r  r ap id ly  s e l e c t i n g  

to rus  geometr ica l  p ropor t ions  and i n f l a t i o n  p res su res  r equ i r ed  t o  achieve a 

minimum landing  system weight f o r  a lander  designed t o  p a r t i c u l a r  v e l o c i t i e s .  

I n  a d d i t i o n ,  t r ade -o f f s  can be made e a s i l y  between weight and landing acce ler -  

a t i o n s .  

C 
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6.3 Lander Descr ip t ion  

For t h i s  s tudy ,  t h e  lander  i s  assumed t o  b e  comprised of two p a r t s :  

landing system and payload. 

and i n f l a t i o n  system. The payload cons i s t s  of s c i e n c e  equipment, payload 

s t r u c t u r e ,  gimbal r i n g ,  and i n s u l a t i o n .  A t y p i c a l  l ande r  design is  shown i n  

F igure  6.3-1. 

The landing system c o n s i s t s  of i n f l a t a b l e  t o r u s  

A t y p i c a l  l anding  ope ra t ion  includes t h e  fo l lowing  events .  A supe r son ic  

r i n g  s a i l  parachute  i s  deployed a t  an a l t i t u d e  of 10,000 f e e t  and t h e  lander  

i s  r e l e a s e d  from t h e  a e r o s h e l l  by explosive b o l t s  immediately t h e r e a f t e r .  

Separa t ion  from t h e  a e r o s h e l l  i s  by d i f f e r e n t i a l  drag. As t h e  l ande r  descends, 

the  t o r u s  i s  i n f l a t e d .  Approximately 40-50 seconds are allowed f o r  t o r u s  

i n f l a t i o n .  

where the  inc reased  drag would lengthen descent  t i m e ,  thus  c u t t i n g  p o s t  landed 

view t i m e .  A t  an a l t i t u d e  of 100 f e e t  the  parachute  is  r e l e a s e d ,  along wi th  

the  i n f l a t i o n  system p res su re  tank, by f i r i n g  exp los ive  b o l t s  and t h e  l ande r  

f r e e - f a l l s  t o  t h e  s u r f a c e .  Vertical v e l o c i t y  a t  t h e  t i m e  of parachute release 

i s  about 120 f t / s e c  and inc reases  t o  130 f t / s e c  a t  s u r f a c e  contac t .  To de te r -  

mine l i m i t  v e l o c i t y  f o r  landing  system design, it i s  assumed t h a t  t h e  l ande r  

has achieved a h o r i z o n t a l  v e l o c i t y  equiva len t  t o  nominal wind v e l o c i t y  of 

118 f t / s e c  and landing  occurs on a 20 degree s lope .  Based on these  assump- 

t i o n s ,  t h e  l i m i t  v e l o c i t y  (component normal t o  20 degree s lope )  i s  153  f t / s e c .  

Af t e r  t h e  l ande r  comes t o  rest, t h e  payload package r o t a t e s  t o  achieve  an 

up r igh t  p o s i t i o n  (180" r o t a t i o n  i f  requi red)  and begins  t o  deploy the  equip- 

ment. Lander ope ra t ion  du ra t ion  i s  3 day minimum w i t h  a design o b j e c t i v e  of 

90 days. 

S h o r t e r  i n f l a t i o n  t i m e s  may b e  p r e f e r r e d  i n  a dense atmosphere 

The t y p i c a l  des ign ,  shown i n  F igure  6.3-1, i s  a s i n g l e ,  non-venting 

i n f l a t a b l e  t o r u s  w i t h  a f l a t  c y l i n d r i c a l  payload i n s t a l l a t i o n .  The t o t a l  

l ande r  weight i s  796 pounds, wi th  420 pounds of t h e  t o t a l  a t t r i b u t e d  t o  land- 

i n g  system inc lud ing  t o r u s  and i n f l a t i o n  system. When i n f l a t e d  t o  t h e  nominal 

des ign  p r e s s u r e  of 10  p s i g ,  the to rus  has an o u t s i d e  diameter of 198.3 inches ,  

an i n s i d e  d iameter  of 41.7 inches,  and a c r o s s - s e c t i o n a l  r a d i u s  of 78.3 inches.  

4 
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The i n f l a t a b l e  to rus  is cons t ruc ted  from Nomex f a b r i c  coated wi th  a 

An i n c r e a s e  i n  f a b r i c  s t r e n g t h  is s i l i c o n e  e las tomer  f o r  gas r e t en t ion .  

r equ i r ed  i n  t h e  area around the  payload gimbal r ing  t o  accommodate h ighe r  

loads which exis t  i n  t h a t  area. 

The payload package i s  supported by a s i n g l e  gimbal r i n g  which provides  

a s i n g l e  a x i s  p ivo t  f o r  payload r o t a t i o n .  Thermal c o n t r o l  of equipment i s  

provided by i n s u l a t i o n  and i so tope  hea ters .  

of s c i ence  equipment inc luding ,  f acs imi l e  camera, gas  chromatograph, mass 

spectormeter ,  s o i l  sampler,  l i f e  d e t e c t o r ,  atmospheric hygrometer, s o i l  hygro- 

meter and probe, atmosphere temperature sensor ,  atmosphere p re s su re  senso r ,  

and anemometer. 

The payload con ta ins  39 pounds 

6 



6.4 Environments and Design Criteria 

6.4.1 ENVIRONMENTS - The landing s y s t e m  i s  exposed t o  many environments 

during the  va r ious  mission phases. In addi t ion ,  materials and components are 

q u a l i f i e d  us ing  environments s i g n i f i c a n t l y  more severe than t h o s e  expected i n  

f l i g h t .  

a b l e  s t r u c t u r e  are t h e  h e a t  s t e r i l i z a t i o n  environment f o r  q u a l i f y i n g  p a r t s  

and materials, vacuum environment during i n t e r p l a n e t a r y  c r u i s e ,  and Mars 

atmospheric environment during t h e  post-landing phase. 

Those environments having s i g n i f i c a n t  e f f e c t s  on design of an i n f l a t -  

Heat S t e r i l i z a t i o n  - Heat s t e r i l i z a t i o n  environment f o r  q u a l i f i c a t i o n  of 

p a r t s  and materials is  as fol lows:  

To ta l  t i m e  a t  temperature is  576 hours.  

s i x  cycles  of 96 hours each a t  275'F. 

Atmosphere is  dry n i t rogen .  

Vacuum - The landing system i s  exposed t o  t h e  vacuum of space  f o r  

230 days a t  temperatures ranging from -100'F t o  +lOO°F. 

Mars Atmosphere - A f t e r  t h e  l ande r  comes t o  rest on t h e  s u r f a c e  of Mars, 

i t  is  exposed t o  t h e  fol lowing environments: atmospheric p re s su re ,  4.0 mb t o  

20 mb; temperature ,  -154'F t o  +120°F; winds, 0 t o  220 f t / s e c  (118 f t / s e c  

nominal). 

6.4.2 DESIGN CRITERIA - S p e c i f i c  c r i t e r i a  r e l a t e d  to i n i t i a l  l a n d e r  

condi t ions ,  f a c t o r s  of s a f e t y ,  and p r e s s u r i z a t i o n  f a c t o r s  are def ined.  These 

c r i t e r i a  provide  a b a s i s  f o r  def in ing  design condi t ions  and r e s u l t i n g  s t r u c -  

t u r a l  requirements of t h e  landing system. 

I n i t i a l  Conditions 

Veloc i ty ,  50 t o  250 f t / s e c  (limit) 

Payload Weight, 100 t o  400 l b  

Fac to r s  of Safe ty  

Landing System - Designed f o r  u l t i m a t e  t o t a l  energy [ ( l i m i t  k i n e t i c  

p lus  l i m i t  p o t e n t i a l  energy) x 1.251. 

Payload S t r u c t u r e  - Designed fo r  u l t i m a t e  loads ( l i m i t  loads  r e s u l t -  

ing  from l i m i t  t o t a l  energy x 1.25). 

7 



P r e s s u r i z a t i o n  Fac tors  

P res su re  Vessels - Designed t o  wi ths tand  proof p r e s s u r e  of 1.67 

t i m e s  maximum opera t ing  p res su re  without y i e ld ing .  

b u r s t  p re s su re  of 2.22 t i m e s  maximum ope ra t ing  p res su re  wi thout  f a i l u r e .  

Designed t o  wi ths tand  

I n f l a t a b l e  S t r u c t u r e  - Designed f o r  u l t i m a t e  loads  ( l i m i t  loads  

r e s u l t i n g  from l i m i t  t o t a l  energy x 2.5). 

The landing  system s h a l l  b e  designed t o  land  on su r faces  conta in ing  s l o p e s  
2 from 0 t o  20 degrees wi th  bear ing  c a p a c i t i e s  ranging from 200 l b / f t  

i t y .  

suppor t  payload above the  sur face .  

t o  i n f i n -  

Landing system s h a l l  maintain s u f f i c i e n t  p r e s s u r e  f o r  t h r e e  days t o  

8 



6.5 Landing Sys tem Analysis 

S t a t i c  and dynamic tests of an i n f l a t a b l e  t o r u s  l a n d e r  model were con- 

ducted i n  o r d e r  t o  o b t a i n  empir ica l  d a t a  needed t o  design t h e  landing system. 

Based on these  test da ta ,  a n a l y t i c a l  methods were de r ived  t o  be  used f o r  

paramet r ic  s t u d i e s .  I n  t h i s  s e c t i o n ,  t he  test program is  b r i e f l y  d iscussed  

and a n a l y t i c a l  methods are presented.  

given i n  t h e  Appendix. 

Further  d i scuss ion  of test program is 

6.5.1 TEST PROGRAM - Key parameters t o  be determined f o r  des ign  of 

i n f l a t a b l e  landing  systems are s t r o k e  and acce le ra t ion .  Model tests w e r e  

conducted t o  determine va lues  of t h e s e  parameters during f l a t  and end landings  

f o r  var ious  landing  v e l o c i t i e s ,  i n f l a t i o n  p res su res ,  and payload weights .  

Model Descr ip t ion  - The test  model, shown i n  F igu re  6.5.1-1, c o n s i s t s  of 

an i n f l a t e d  t o r u s  cont inuously a t t ached  to an i n n e r  payload r ing .  The t o r u s  

w a s  cons t ruc ted  of Dacron f a b r i c  coated with polyurethane s e a l a n t .  

w e r e  pa in t ed  on t h e  e x t e r n a l  s u r f a c e  of the to rus  t o  a i d  i n  de f in ing  l ande r  

o r i e n t a t i o n  a t  impact and observing torus  deformations during t h e  a t t e n u a t i o n  

process .  

t o  the  aluminum a l l o y  payload r ing .  Provis ions  f o r  mounting test instrumenta- 

t i o n  were a l s o  incorpora ted  i n  the  payload r i n g  design. An i n f l a t i o n  valve 

is  accessable  through t h e  payload r ing .  

S t a t i c  Tests - S t a t i c  tests were conducted t o  determine payload s t r o k e  

Grid l i n e s  

D i f f e r e n t  payload weights were obtained by a t t a c h i n g  s teel  p l a t e s  

and i n t e r n a l  t o r u s  p re s su re  as a func t ion  of l oad  app l i ed  t o  payload r ing .  

Tests were conducted f o r  both f l a t  and end loading  o r i e n t a t i o n s  as shown i n  

Figure 6.5.1-2. Load-stroke r e l a t ionsh ips  obta ined  from these  tests are used 

i n  conjunct ion w i t h  a n a l y t i c a l  models discussed later. 

Three f l a t  loading  tests were performed wi th  i n i t i a l  t o r u s  p re s su res  of  

2.0, 4.0, and 6.0 ps ig .  End loading tests were conducted a t  2.0 and 4.0 ps ig .  

For each test, load  w a s  appl ied  u n t i l  the d e s i r e d  m a x i m u m  s t r o k e  w a s  ob ta ined .  

Dynamic Tests - Drop tests were conducted t o  determine t h e  e f f e c t s  of 

landing  v e l o c i t y ,  payload weight and torus  p re s su re  on payload s t r o k e  and 

a c c e l e r a t i o n .  Tests were conducted i n  the Zero Gravi ty  Research F a c i l i t y  a t  

9 



TEST MODEL DESCRIPTION 

ALL DIMENSIONS IN INCHES 
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t h e  NASA L e w i s  Research Center i n  Cleveland, Ohio. 

5 mb f o r  a l l  tests i n  order  t o  s imula t e  Mars atmospheric p re s su re .  Seventeen 

f l a t  and seven end drop tests w e r e  performed wi th  payload weight  ranging from 

4.1 pounds t o  11.0 pounds and i n f l a t i o n  p res su res  ranging from 2 .1  p s i g  t o  

6.0 ps ig .  Landing v e l o c i t i e s  v a r i e d  from 7 f t / s e c  t o  100 f t / s e c .  

Chamber p re s su re  w a s  about 

For a given payload weight,  i n f l a t i o n  p res su re ,  and landing  v e l o c i t y ;  

t h e  maximum payload s t r o k e  r e s u l t i n g  from end landing w a s  approximately twice 

t h a t  ob ta ined  from f l a t  landings.  However, a c c e l e r a t i o n s  experienced by t h e  

payload during end landings w e r e  about one-half those  experienced dur ing  f l a t  

landings.  

6.5.2 ANALYTICAL METHODS - I n  t h e  following paragraphs,  a n a l y t i c a l  

methods used f o r  paramet r ic  s t u d i e s  of i n f l a t a b l e  to rus  landing  systems are 

presented.  Ana ly t i ca l  models used to  p red ic t  payload s t r o k e  and a c c e l e r a t i o n  

are descr ibed .  V e r i f i c a t i o n  of s e l e c t e d m o d e l s  i s  shown by comparing pre- 

d i c t e d  va lues  wi th  tes t  data .  I n  addi t ion ,  p e r t i n e n t  s t e p s  r equ i r ed  i n  

paramet r ic  ana lyses  are presented.  

6.5.2.1 Ana ly t i ca l  models. - For parametr ic  s t u d i e s ,  an i d e a l i z e d  

a n a l y t i c a l  model is  requi red  t o  represent  t h e  landing system during impact. 

A number of a n a l y t i c a l  models were s tudied  t o  select  a model f o r  p r e d i c t i n g  

both s t r o k e  and acce le ra t ion .  

of many degrees  of freedom, a s imple dynamic model c o n s i s t i n g  of  a minimum 

number of degrees  of freedom is adequate provided i t  c l o s e l y  approximates 

behavior  of t h e  a c t u a l  lander .  

Although t h e  a c t u a l  landing  system is  composed 

The s imples t  dynamic model f o r  f l a t  l anding  is t h e  s i n g l e  degree of 

freedom system shown i n  Figure 6.5.2-1. Mass is  composed of t h e  payload mass 

(m ) and a p o r t i o n  of t h e  t o r u s  m a s s  (Emt). The s p r i n g  (%) i s  t h e  s ta t ic  

s p r i n g  cons t an t  of t o rus  determined f o r  f l a t  loading.  For a g iven  payload 

mass, t o r u s  mass, and s p r i n g  cons tan t ;  dynamic behavior  of t h e  system is  

a l t e r e d  by changing E . The equat ion  of motion f o r  t h i s  system is:  

P 

.. 

1 2  



PRELIMINARY ANALYTICAL MODEL 
FOR F L A T  LANDING 

I 
/////////////’ SURFACE 

m = PAY LOAD MASS 
cmt = PORTION OF TORUS MASS 
KF = STATIC SPRING CONSTANT OF INFLATED TORUS, 

P 

F L A T  LOADING 
V, = LANDING VELOCITY 
X = STROKE OF mp + emt 
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I n i t i a l  condi t ions  are assumed t o  be: 

X ( 0 )  = 0 

X ( 0 )  = vo 

When t h e  g r a v i t a t i o n a l  f o r c e  term i n  Equation (1) is neglec ted ,  payload 

response is expressed as: 

x = Vg s i n  ( w  t) n w n 

Where, 
wn = d- m + Emt) 

Determining adequacy of t h i s  model f o r  p r e d i c t i n g  response of t o r u s  is  

accomplished i n  t h e  fo l lowing  manner. 

Resu l t s  of s ta t ic  tests, d iscussed  i n  Appendix A, w e r e  used t o  determine 

t h e  s p r i n g  cons tan t  (s). 
l i n e a r  and a l i n e a r  s p r i n g  is used i n  a n a l y t i c a l  model, an e f f e c t i v e  l i n e a r  

sp r ing  i s  der ived  from test r e s u l t s .  

mined by equat ing  the  energy s t o r e d  i n  the  l i n e a r  s p r i n g  when sub jec t ed  t o  a 

given s t r o k e  t o  t h e  area under t h e  s t a t i c  load-stroke curve up t o  t h e  same 

s t r o k e  of i n t e r e s t .  

Since t h e  actual sp r ing  rate is  s l i g h t l y  non- 

The e f f e c t i v e  s p r i n g  cons t an t  i s  de te r -  

Measured s t r o k e  and a c c e l e r a t i o n  t i m e  h i s t o r i e s  f o r  a t y p i c a l  dynamic 

test are shown as dashed curves i n  Figure 6.5.2-2. Pred ic t ed  response using 

the  s i n g l e  m a s s  model i s  represented  by t h e  s o l i d  curves.  

between p r e d i c t e d  and a c t u a l  s t r o k e  i s  obtained f o r  E = 0.66. 

E = 0.66, pred ic t ed  a c c e l e r a t i o n  i s  considerably lower than measured acceler- 

a t ion .  By s e l e c t i n g  a d i f f e r e n t  va lue  of E ,  a c c e l e r a t i o n s  could be  matched 

but  t h e  model would p r e d i c t  i n c o r r e c t  s t rokes .  

Good agreement 

However, f o r  

The two degree of freedom model, shown i n  F igure  6.5.2-3, w a s  f i n a l l y  

s e l e c t e d  f o r  p r e d i c t i n g  response of t h e  t o r u s  during f l a t  landing.  Equations 

1 4  



COMPARISON OF MEASURED WlTk PREDICTED STROKE AND 
AND ACCELERATION FOR TYPICAL FLAT LANDING 

_ _ _  -- - - - -MEASURED RESPONSE - PREDICTED RESPONSE USING PRELIMINARY 
MODEL, c = 0.66 
IMPACT VELOCITY = 32 FT/SEC 
INFLATION PRESSURE = 2.1 PSlG 
PAYLOAD WEIGHT = 4.1 LB 
TORUS WEIGHT = 4.6 LB 

TIME - MILLISECONDS 
A 

TIME - MILLISECONDS 
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SELECTED ANALYTICAL MODEL FOR FIAT LANDING 

ml 

- VO 

VO 

LANDING SURFACE f/ 
m l =  PAYLOAD MASS, mp 

m2 = PORTION OF TORUS MASS,€ m, 

K1 = SPRING CONSTANT OF m l  

K2 = SPRING CONSTANT OF m2 
Vo = LANDING VELOCITY 
X1,Xq = STROKE OF m 1  AND m2 RESPECTIVELY 

NOT E: 

1 1 1  

K 1  K2 KF 
- + - =  - 

WHERE KF = STATIC SPRING CONSTANT OF INFLATED TORUS, 
FLAT LOADING 

K1 

KF 
LETTING a =- 

16 
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of motion f o r  t h i s  system are; 

Neglec t ing  t h e  g r a v i t a t i o n a l  f o r c e  terms i n  Equation (2) and ( 3 ) ,  response 

I 
of t h e  payload i s  expressed as: 

.. 
m X + KIXl - K1X2 = mlg 11  

.. 
m X + (K1 + K2) X2 - KIXl = m2g 2 2  

wi th  t h e  i n i t i a l  condi t ions  

X1(0) = X2(0) = 0 

X1(0) = X2(0) = vo 

where Vo is  t h e  impacting v e l o c i t y  of t h e  landing  system. 

It i s  assumed t h a t  X 

I 

is  equa l  t o  payload s t r o k e  , ml is  equal  t o  t h e  1 

I 
payload m a s s  (m ), m2 is some por t ion  of t h e  t o r u s  mass (m ), and t h e  combina- 

t i o n  of s p r i n g s  K and K i n  series dup l i ca t e s  t h e  s t a t i c  s p r i n g  cons tan t  of 
P t 

I 1 2 

These assumptions are expressed as fol lows : 

1 t h e  i n f l a t e d  t o r u s  (%) 
I 

"1 = mp 

m2 = Em t 

K1 = aKF 

K2 = (5) 5 
where 

s i n  w t t - vO 
% 1 
I 

s i n  w t - vO 
2 w2 

1 7  



I n  the  above expression,  f requencies  w 

polynominal : 

and w2 are r o o t s  of t h e  fol lowing 1 

4 
(wn> - (a) 2 (a) ' ($1 ' 

+ E ( a  - 1) m m = o  &(a - 1) mt + a - 
m 

P P t  
L J 

f o r  n = 1 and 2 .  

From test r e s u l t s  t he  fol lowing values f o r  a and E were determined which 

d u p l i c a t e  t o r u s  response.  

a = 8 . 0  

E = 0 . 6  

P r e d i c t e d  s t r o k e  and a c c e l e r a t i o n  using t h e  two degree of freedom model 

is  compared wi th  measured response f o r  a t y p i c a l  dynamic test  i n  F igure  6 .5 .2 -4 .  

Good agreement e x i s t s  f o r  both s t r o k e  and a c c e l e r a t i o n .  

i s o n s  of p red ic t ed  m a x i m u m  s t r o k e  and maximum a c c e l e r a t i o n  w i t h  test  r e s u l t s  

are shown i n  Figure 6.5.2-5 through 6.5 .2-7 .  As can be seen from these  

f i g u r e s ,  good agreement is  obta ined  between p red ic t ed  response of t he  t o r u s  

and test r e s u l t s  f o r  d i f f e r e n t  payload weights,  i n f l a t i o n  p res su res ,  and 

landing  v e l o c i t i e s .  

I n  add i t ion ,  compar- 

For  end landing,  a s i n g l e  degree of freedom model is  used t o  p r e d i c t  

response of t h e  to rus .  This model, shown i n  F igure  6 . 5 . 2 - 8 ,  c o n s i s t s  of a 

m a s s  equa l  t o  t h e  sum of payload and torus  masses, and a s i n g l e  l i n e a r  spr ing .  

The s p r i n g  rate i s  obta ined  from s t a t i c  tests. 

The equat ion  of motion f o r  t h i s  system is: 

.. 
(mp + mt) Y + KEY = 'mp + mt)  g 

I n i t i a l  condi t ions  are assumed t o  be: 

( 4 )  

Y ( 0 )  = 0 

Y ( 0 )  = V (impact v e l o c i t y )  0 

18 
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ANALYTICAL MODEL FOR END LANDING 

LANDING SURFACE tKe 
mp = PAY LOAD MASS 
m, = TORUS MASS 
Ke,= STATIC SPRING CONSTANT OF INFLATED TORUS, END LOADING 

V, = LANDING VELOCITY 

Y = STROKE OF mp + m+ 

23 
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Neglect ing t h e  g r a v i t a t i o n a l  f o r c e  term i n  Equation ( 4 ) ,  payload response 

is  expressed as: 

s i n  (writ) y = -  vO 
w n 

where 

Comparisons of test  r e s u l t s  wi th  pred ic ted  response using t h i s  model are 

shown i n  F igures  6.5.2-9 and 6.5.2-10. Agreement between p red ic t ed  and 

measured response f o r  end landings is  no t  as good as i t  is  f o r  f l a t  landings.  

However, t h e  b a s i c  purpose of end landing tests w a s  t o  v e r i f y  t h a t  s u f f i c i e n t  

s t r o k e  c a p a b i l i t y  e x i s t e d  and t h a t  acce le ra t ions  w e r e  much lower than  f o r  

f l a t  l andings .  The s e l e c t e d  model w a s  s u f f i c i e n t  t o  f u l f i l l  t hese  ob jec t ives .  

6.5.2.2 Parametr ic  ana lys i s .  - I n  order  t o  f a c i l i t a t e  computations 

r equ i r ed  f o r  conducting paramet r ic  s t u d i e s ,  a computer program w a s  w r i t t e n .  

This  program computes landing system weight, maximum load f a c t o r  and landing  

v e l o c i t y  as a func t ion  of payload s i z e  and weight ,  i n f l a t i o n  pressure ,  and 

to rus  s i z e .  

S teps  used i n  the  paramet r ic  ana lys i s  are l i s t e d  below. 

1. 

2. Assume l ande r  rad ius .  

3. A s s u m e  i n f l a t i o n  pressure .  

4.  
5. 

6. 

S e l e c t  payload weight and s ize .  

Compute torus  and i n f l a t i o n  system weights .  

Compute al lowable landing ve loc i ty  and a s soc ia t ed  payload acce le ra t ion .  

Repea t  Steps 2 through 5 u n t i l  the  d e s i r e d  landing  v e l o c i t y  and 

a c c e l e r a t i o n  are achieved. 

I n  S tep  ( 4 )  maximum to rus  i n t e r n a l  loads are assumed t o  result from f l a t  

l anding  and occur a t  the  i n t e r s e c t i o n  of t h e  payload r i n g  and to rus .  

loads are determined i n  t h e  fol lowing manner. 

from f l a t  s t a t i c  loading are shown i n  Figure 6.5.2-11. 

t i o n s  are assumed t o  occur during dynamic loading,  i t  i s  p o s s i b l e  t o  determine 

These 

Torus deformations r e s u l t i n g  

I f  s i m i l a r  defoma-  

24 
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TORUS DEFORMATIONS DURING FLAT STATIC LOADING 

CROSS-SECTIONAL SHAPE 

$1 
N 

TORUS 

$1 PAYLOAD 

$2 
N 

d A wp = PAYLOAD WEIGHT 
/ '  2 

T ]  = LOAD FACTOR 

VIEW A 
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i n t e r n a l  loads a t  the  i n t e r s e c t i o n  of torus  and payload r i n g  as shown i n  V i e w  A 

of F igure  6.5.2-11. Maximum mer id iona l  load i n  the  t o r u s  (N ) i s  def ined  by 

t h e  fo l lowing  expression:  
$ 1  

where : r l '  

w =  
P =  

P 

R =  
- P 

R1 - 

= 

2 nw PR1 cos $ - - 
1 N $ l  2rR CES $1 + cos $ 

P 

maximum load  f a c t o r  on payload 

weight of payload 

i n t e r n a l  p re s su re  of deformed to rus  

payload r ad ius  

l o c a l  r ad ius  o f curvature  of deformed t o r u s  (Reference 

F igure  6.5.2-11) 

angles  of deformation (Reference Figure 6.5.2-11) 

(5) 

During s t a t i c  tests, angle  $1 and f o o t p r i n t  dimension X w e r e  measured i n  

a d d i t i o n  t o  load ,  p re s su re  and s t roke .  Var i a t ion  of ang le  $ dimension X 

and volume r a t i o  (V. /V  ) wi th  s t r o k e  and to rus  c ross -sec i tona l  r ad ius  (Rs) i d  
are rep resen ted  by t h e  fo l lowing  equat ions:  

1' 

4, = 0.422 (S/R ) 
S 

2 
S 

X 0.005 Rs + 0.690s - 0.525 S /R  

Vi/Vd 
S s 2  

0.998 + 0.049 (R) + 0.240 (R) 
S S 

= i n i t i a l  undeformed torus  volume vi 
where : 

I Vd = volume of deformed torus  

1 With t h e  above parameters known, i n t e r n a l  p re s su re  (P) can be  def ined ,  and 

dimension y can be  a n a l y t i c a l l y  determined by assuming t h a t  po in t  "0" 

(F igure  6.5.2-11) does no t  move r a d i a l l y  dur ing  t h e  s t r o k i n g  process .  The 
I equat ions  f o r  y and p res su re  are, 
I 

S2 

RS 
y = 0.005 R + 2.4098 - 1 . 1 7 1 -  

S 

(10) 
vi 

'd 
p = (Pi + Pm)(-) - Pm 
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where : = i n i t i a l  i n f l a t i o n  p res su re  

= ambient pressure  

'i 

W 
P 

Angle +2 and r ad ius  R1 can now be def ined i n  terms of t o r u s  r ad ius  (Rs) and 

payload depth (b ) .  
I 

71 e - -  - - 
$2 2 

TR - 2Y - b 
S - - 

R1 20 and 

where 
R - Y  

71Rs - 2Y - b 
S -- - s i n  8 

20 

Although t o r u s  th ickness  a t  t h e  i n t e r s e c t i o n  of the  payload and to rus  i s  

based on Equation (5), th ickness  is  reduced i n  propor t ion  t o  i n t e r n a l  m e r i -  

d i o n a l  loads  i n  t h r e e  s t e p s  as shown i n  Figure 6.5.2-12. Depending on 

geometr ica l  p ropor t ions ,  considerable  d i f f e rence  i n  weight can e x i s t  between 

a minimum weight t o rus  and a s i n g l e  th ickness  torus .  A minimum weight t o r u s  

is  one having f a b r i c  s t r e n g t h  t a i l o r e d  t o  meridional  loads .  Re la t ive  th ick-  

nes ses  of a minimum weight t o r u s ,  s i n g l e  th ickness  t o r u s ,  and s tepped th ickness  

t o r u s  are shown i n  F igure  6.5.2-12. By changing f a b r i c  th ickness  i n  t h r e e  

s t e p s ,  i t  i s  p o s s i b l e  t o  achieve up t o  85 pe rcen t  of t h e  p o t e n t i a l  weight 

sav ing  a s s o c i a t e d  wi th  a minimum weight design. 

A s  d i scussed  i n  Sec t ion  6.6.2.2, a s t o r e d  p res su r i zed  gas  system i s  used 
I 

t o  i n f l a t e  t he  to rus .  Weight of t h e  p re s su re  tank  accounts f o r  ma jo r i ty  of 

i n f l a t i o n  system weight.  The fol lowing weight equat ion ,  used i n  paramet r ic  

ana lyses ,  app l i ed  t o  s p h e r i c a l  p r e s s u r i z a t i o n  tanks.  

i 
I 
I 

= 2nr 3pp (FS) 

'TANK FTU 

where, 

r = tank r ad ius  

P = material dens i ty  

p = s t o r a g e  p res su re  

i 
i 
! 

t 
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FS = f a c t o r  of s a f e t y  

FTU 
= u l t i m a t e  t e n s i l e  s t r e n g t h  of tank  material 

Volume of s t o r a g e  tank  requi red  (V) is r e l a t e d  t o  to rus  volume and 

p res su re  5y t h e  fol lowing expression:  

For paramet r ic  s t u d i e s  a 5 000 p s i  s to rage  p res su re  w a s  assumed. Volume 

of a s p h e r i c a l  t ank  is  def ined by the  following expression:  

4 3  - rr 3 v =  

Combining equat ions  (15) and (16),  

r =  

Tank r a d i u s  ( r )  de f ined  by Equation (17) w a s  used t o  determine tank  weight 

i n  Equation (14).  

The two m a s s  model discussed earlier, wi th  a = 8.0 and E = 0.6,  is  used 

i n  Step (5)  t o  determine m a x i m u m  load  f a c t o r  and landing v e l o c i t y .  

F o o t p r i n t  area f o r  f l a t  landing i s  def ined by t h e  fo l lowing  equat ion:  

(18) 
2 2  A = r [ Z % ( X  + Y) + X - Y ] 

Dimensions X and Y are def ined  by Equations ( 7 )  and (9) r e spec t ive ly .  

Load s t r o k e  curves f o r  parametric s t u d i e s  were obtained by mul t ip ly ing  t h e  

f o o t p r i n t  area def ined  by Equation (18) by t h e  a s soc ia t ed  t o r u s  p re s su re  

def ined  by Equation (10).  

equa t ing  t h e  energy s t o r e d  i n  the  l i n e a r  s p r i n g  during a given s t r o k e  t o  t h e  

area under s t a t i c  load s t r o k e  curve t o  the same s t r o k e  of i n t e r e s t .  

The l i n e a r  spr ing  cons t an t ,  I$, i s  determined by 
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6.6 Lander Parametr ic  S tudies  

6 .6 .1  PAYLOAD CONFIGURATION - Early i n  t h e  study of i n f l a t a b l e  t o r u s  

l ande r s ,  i t  w a s  found t h a t  weight of landing system w a s  q u i t e  s e n s i t i v e  t o  

payload shape. 

t o  payload he igh t  (a /b)  produces a s i g n i f i c a n t  change i n  a t t e n u a t o r  weight.  

Therefore ,  i t  w a s  necessary t o  select a payload shape which r ep resen t s  a good 

compromise between landing system weight and equipment packaging requirements .  

Introducing a s l i g h t  change i n  t h e  r a t i o  of payload diameter  

To a i d  i n  s e l e c t i n g  payload conf igura t ion ,  a paramet r ic  s tudy  w a s  con- 

ducted t o  determine t h e  e f f e c t s  of equipment weight and dens i ty ,  payload 

geometry, and thermal  con t ro l  requirements on t h e  landing system. F igure  

6.6.1-1 i s  a flow diagram showing a l l  v a r i a b l e s  which are in f luenced  by o r  

have an in f luence  on payload shape. For example, shape of t h e  payload 

package a f f e c t s  payload package s u r f a c e  a rea  in f luenc ing  weight of i n s u l a t i o n  

and i s o t o p e  hea te r s .  Since t h e  payload shape is  dependent upon many v a r i a b l e s ,  

a computer program w a s  w r i t t e n  t o  a i d  i n  determining e f f e c t  of t hese  va r i ab le s .  

F igure  6.6.1-2 shows t h e  e f f e c t  of payload dimensions a,  b, and a /b ,  on t h e  

payload volume and s u r f a c e  area. 

cons tan t  volume l i n e ,  s u r f a c e  area of the payload inc reases  considerably.  

An i n c r e a s e  i n  payload s u r f a c e  area requi res  a d d i t i o n a l  i so tope  h e a t e r s  and 

an i n c r e a s e  i n  i n s u l a t i o n .  The inf luence  of payload shape parameter a /b  on 

landing  system weight i s  shown i n  F igure  6.6.1-3. This f i g u r e  shows t h a t  i t  

i s  d e s i r a b l e  t o  select a payload having a l a r g e  va lue  of a /b .  

weight decreases  wi th  l a r g e  values  of a / b  because a l a r g e r  percentage of t o rus  

r ad ius  is  a v a i l a b l e  f o r  d i s s i p a t i n g  k i n e t i c  energy. 

As t h e  va lue  of a /b  is  increased  along a 

Landing system 

Design l ayou t s  were prepared t o  determine t h e  in f luence  of payload shape 

parameter (a /b)  on packaging of equipment. I n  order  t o  achieve good equipment 

packing d e n s i t i e s  and due t o  t h e  he igh t  of some equipment, a reasonable  va lue  

f o r  a /b  i s  3. 

equipment as l i s t e d  i n  F igure  6.6.1-5. 

of 80 l b / f t  

dens i ty ,  i nc lud ing  s t r u c t u r e  and thermal c o n t r o l ,  is  52.5 l b / f t  . 

Figure  6.6.1-4 i s  a payload design l ayou t  showing t y p i c a l  

Equipment is  packaged a t  a dens i ty  

3 
3 using 80 percent  of t o t a l  a v a i l a b l e  volume. To ta l  payload 
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INFLUENCE OF PAYLOAD SHAPE ON LANDING SYSTEM WEIGHT 
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TYPICAL INTERMEDIATE LANDER EQUIPMENT 
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6.6.2 LANDING SYSTEM - Design of an  i n t e r p l a n e t a r y  landing  system is  

complicated by many severe environments experienced dur ing  i t s  l i f e t i m e .  Heat 

s t e r i l i z a t i o n  requirements and thermal environment experienced on t h e  s u r f a c e  

of Mars have the  g r e a t e s t  e f f e c t  on landing system des ign  because of t h e  use 

of non-metal l ic  materials. 

Since one of t he  b a s i c  missions of  an i n t e r p l a n e t a r y  lander  is  t o  s tudy 

t h e  p o s s i b i l i t y  of l i f e  forms e x i s t i n g  on va r ious  p l a n e t s ,  i t  is  imperat ive 

t h a t  t h e  landing  system n o t  car ry  any l i f e  forms which would contaminate t h e  

p l a n e t  o r  n u l l i f y  experiments.  Since t h i s  requirement d i c t a t e s  t h a t  a l l  

components of t h e  landing  system m u s t  be te rmina l ly  h e a t  s t e r i l i z e d ,  s e l e c t i o n  

of components is g r e a t l y  a f f ec t ed .  Thermal environments i n  a d d i t i o n  t o  steri l-  

i z a t i o n  occurr ing  during i n t e r p l a n e t a r y  c ru i se ,  e n t r y ,  i n f l a t i o n ,  l anding ,  and 

pos t  landing ,  impose severe requirements f o r  both h igh  and low temperature 

c a p a b i l i t y .  Sys t e m  components must s u s t a i n  these  temperature  extremes f o r  

long pe r iods  of t i m e  along wi th  t h e  capab i l i t y  of changing from one extreme 

t o  the  o t h e r  i n  a very s h o r t  t i m e .  

The vacuum of  space a l s o  has  a s i g n i f i c a n t  e f f e c t  on landing system 

design.  Some organic  materials and composite materials are s u b j e c t  t o  out- 

gass ing  and when combined w i t h  r a d i a t i o n  usua l ly  l e a d  t o  reduced f l e x i b i l i t y  

and, i n  some cases, a decrease  i n  mechanical p rope r t i e s .  

6.6.2.1 Materials. - Se lec t ion  of adequate materials f o r  an  i n f l a t a b l e  

l ande r  r e q u i r e s  c l o s e  examination of candidate  material p rope r t i e s .  

Material p r o p e r t i e s  considered include: 

S t rength  Density 

Thermal Res is tance  S t e r i l i z a t i o n  Capabi l i ty  

Fo l d a b i l i  t y  Abrasion Res is tance  

Permeabi l i ty  Damping C h a r a c t e r i s t i c s  

Adhesive Capabi l i ty  

Puncture  R e s  is  t ance 

Vacuum and Radiat ion Res is tance  

The requirement t h a t  a l l  materials m u s t  be  thermally s t e r i l i z e d  i s  

probably t h e  major cons idera t ion  t h a t  l i m i t s  t h e  s e l e c t i o n  of f a b r i c  materials 
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and e las tomers  f o r  use i n  i n f l a t a b l e  s t r u c t u r e s .  Many o rgan ic  materials 

possessing h igh  s t r e n g t h  t o  weight r a t i o s  are seve re ly  degraded dur ing  

s t e r i  li z a t  ion.  

F l e x i b i l i t y  and f o l d a b i l i t y  are f a c t o r s  t h a t  must be considered,  s i n c e  

t h e  material w i l l  be  s t o r e d  i n  a de f l a t ed  condi t ion  f o r  a long pe r iod  of t i m e .  

Af t e r  t h e  material is  sub jec t ed  t o  severe environments of vacuum, r a d i a t i o n ,  

and l a r g e  temperature g rad ien t s ,  i t  m u s t  no t  conta in  cracks o r  adhere t o  

i t s e l f .  

f a i l u r e  due t o  r ap id  i n f l a t i o n .  

It must be s u f f i c i e n t l y  f l e x i b l e  a t  i n f l a t i o n  temperatures  t o  prevent  

S t r eng th  and dens i ty  of materials are important  i n  o rde r  t o  provide  a 

l i gh twe igh t  a t t e n u a t i o n  system. 

and mechanical p r o p e r t i e s  a f t e r  being subjec ted  t o  several severe environments. 

Mater ia l s  must r e t a i n  s a t i s f a c t o r y  phys ica l  

Abrasion r e s i s t a n c e  of  e i t h e r  t h e  c lo th  o r  t h e  elastomer is  considered,  

bu t  i s  n o t  a major f a c t o r  i n  t h e  s e l e c t i o n  of t h e  materials. Abrasion of 

t h e  t o r u s  s u r f a c e  i s  s l i g h t  due t o  t h e  low i n f l a t i o n  p res su res  of t h e  system. 

Permeabi l i ty  of t h e  c l o t h  and elastomers  is  a l s o  considered of secondary 

importance s i n c e  the  l eng th  of t i m e  f o r  complete i n f l a t i o n  i s  r e l a t i v e l y  

s h o r t .  

of about 10  p s i g ,  no apprec i ab le  amount o f  gas escapes w i t h i n  the  t i m e  re- 

qu i r ed  f o r  f u l l  i n f l a t i o n .  However, i f  t h e  t o r u s  must remain i n f l a t e d  f o r  

extended s u r f a c e  opera t ion ,  then leakage i s  very important .  

With t h e  to rus  conta in ing  i n  excess of 1000 f t 3  of gas a t  p re s su res  

Fabr i c s  a v a i l a b l e  f o r  f a b r i c a t i o n  of t h e  i n f l a t a b l e  s t r u c t u r e  inc lude  

those  made from metal, ceramic, and organic  f i b e r s  as shown i n  F igure  6.6.2-1. 

Metal f a b r i c s  can be woven from 0.0015 inch  diameter o r  l a r g e r  monofila- 

ment w i r e  i n  almost any weave des i red .  

monofilament w i r e  have low f l e x i b i l i t y  and h igh  po ros i ty .  These p r o p e r t i e s  

can be improved, however, by weaving the f a b r i c  from s t randed  yarns  of f i n e  

supe ra l loy .  

Woven metal f a b r i c s  produced from 

S t reng th  t o  weight r a t i o  of candidate  organic  f a b r i c s  i s  f a r  s u p e r i o r  

t o  metal f a b r i c s .  However, metal f a b r i c s  can wi ths tand  much h ighe r  tempera- 

t u r e s  and are more r e s i s t a n t  t o  abrasion. I n  a d d i t i o n ,  s i n c e  t h e  permeabi l i ty  
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CAN DIDATE FABRICS FOR TORUS 
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POLY OL E FINS 
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POLYPROPYLENE 

POLYAMIDE 

NYLON 

HT-1 (“NOMEX”) 
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CARBON 
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CERAMIC 
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of t h e  metal f a b r i c s  i s  high,  i t  is  necessary t o  use  an  i n t e r n a l  l i n e r  i n  the  

to rus  f o r  gas r e t en t ion .  

S torage  volume of t he  d e f l a t e d  s t r u c t u r e ,  when produced from metall ic 

f a b r i c s  r a t h e r  than  organic  f a b r i c s ,  is considerably g r e a t e r  due t o  t h e  poor 

f o l d a b i l i t y  of t h e  metal l ic  f a b r i c s  and the a d d i t i o n  of a l i n e r .  

f a b r i c  s t r u c t u r e  i s  heav ie r  and takes  up more space i n  t h e  a e r o s h e l l  than  

t h e  o rgan ic  f a b r i c  s t r u c t u r e .  Therefore ,  metal f a b r i c s  are no t  s e l e c t e d  

un le s s  t h e  s t r i n g e n t  requirements of thermal and space  environments exceed 

t h e  limits of organic  f a b r i c s .  

Metallic 

Ceramic f a b r i c s  considered included those cons t ruc ted  from f i b e r g l a s s  and 

qua r t z  f i b e r s .  These materials e a s i l y  withstand s t e r i l i z a t i o n ,  however, they  

are n o t  s a t i s f a c t o r y  due t o  t h e i r  b r i t t l e n e s s  and poor abras ion  r e s i s t a n c e .  

These f i b e r s  are e a s i l y  scra tched  which may eventua l ly  l e a d  t o  f i b e r  f a i l u r e .  

Most o rgan ic  f a b r i c  materials were el iminated due t o  severe degradat ion 

of p h y s i c a l  and mechanical p r o p e r t i e s  during thermal  s t e r i l i z a t i o n .  Candidate 

materials are nylon, HT-1 (a h igh  temperature polymide known by i ts  t r a d e  

name, Nomex) , and Dacron (a po lyes t e r  f i b e r ) .  

Nylon is  s e r i o u s l y  degraded by thermal s t e r i l i z a t i o n  and as a r e s u l t  w a s  

e l imina ted  from f u r t h e r  cons idera t ion .  The average s t r e n g t h  l o s s  of Dacron 

a f t e r  s t e r i l i z a t i o n  and 30-day vacuum exposure w a s  about 20 percent .  Since 

test d a t a  i n d i c a t e d  cont inuing material degradat ion due t o  vacuum soaking 

throughout t h e  30-day test per iod ,  i t  is doubt fu l  t h a t  Dacron would be 

accep tab le  a f t e r  230 days i n  a vacuum. 

The l ead ing  candidate  material is HT-1 (Nomex) wi th  average s t r e n g t h  

l o s s e s  r e s u l t i n g  from both s t e r i l i z a t i o n  and vacuum exposures of less then  

5 percent .  A t  room temperature,  t h e  s t r e n g t h  of Nomex i s  i n f e r i o r  t o  nylon 

and Dacron, however, when Dacron w a s  t e s t e d  a t  200°F, i t s  s t r e n g t h  t o  weight 

r a t i o  w a s  found t o  be i n f e r i o r  t o  Nomex. Therefore ,  due t o  t h e  requirement 

f o r  s t e r i l i z a t i o n ,  Nomex i s  p r e f e r r e d  f o r  i n f l a t a b l e  s t r u c t u r e .  P e r t i n e n t  

f a c t o r s  in f luenc ing  f a b r i c  s e l e c t i o n  a r e  summarized i n  F igure  6.6.2-2. 

The f a b r i c  s e l e c t e d  f o r  t h e  i n f l a t a b l e  s t r u c t u r e  is coated w i t h  an 
e las tomer  t o  seal t h e  s t r u c t u r e  f o r  gas  r e t e n t i o n  and t o  provide ab ras ion  and 
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FABRIC SELECTION SUMMARY 

0 R G AN IC 
NYLON 

0 HIGH STRENGTH TO WEIGHT RATIO AT ROOM TEMPERATURE 
0 SERIOUS DEGRADATION AFTER THERMAL. 

0 20% STRENGTH DEGRADATION AFTER THERMAL STERILIZATION AND VACUUM EXPOSURE 
0 STRENGTH TO WEIGHT RATIO INFERIOR TO NOMEX AT 200°F 

0 ONLY SLIGHT DEGRADATION AFTER STERILIZATION AND VACUUM EXPOSURE 
0 RETAINS MECHANICAL PROPERTIES AT ELEVATED TEMPERATURES 

STERILIZATION 
DAC RON 

NOMEX 

CERAMIC 
0 ELIMINATED W E  TO THEIR BRITTLENESS AND POOR ABRASION RESISTANCE 

METALLIC 
0 CAN WITHSTAND STERILIZATION TEMPERATURES 
0 GOOD ABRASION RESISTANCE 
0 HIGH DENSITY 
0 VERY HIGH PERMEABILITY 
0 LOW STRENGTH TO WEIGHT RATIO 
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puncture  p r o t e c t i o n  t o  t h e  b a s i c  f a b r i c .  

ments g r e a t l y  restrict  t h e  choice of e las tomers  a l so .  It appears  t h a t  w i t h i n  

the  p r e s e n t  s ta te -of - the-ar t ,  a s i l i c o n e  rubber  compound of t h e  methyl-phenyl 

type  is the b e s t  s e l e c t i o n  t o  meet a l l  c r i t e r i a .  Candidate elastomers are 

compared i n  F igure  6.6.2-3.  

Low and e l eva ted  temperature  requi re -  

6 . 6 . 2 . 2  I n f l a t i o n  systems. - Three b a s i c  i n f l a t i o n  systems were consider- 

These s y s t e m s  are s t o r e d  p res su r i zed  gas ,  

To select t h e  proper  i n f l a t i o n  

ed  f o r  t he  in t e rmed ia t e  lander .  

coo l  gas gene ra to r ,  and h o t  gas generator .  

system, cons idera t ions  were given t o  t h e  fo l lowing  i t e m s :  

S impl i c i ty  and R e l i a b i l i t y  Ambient Conditions 

I n f l a t e d  Volume Trans i en t  Temperatures & Pressu res  

I n f l a t e d  Pressure  E f f e c t  of S t e r i l i z a t i o n  

Time Required f o r  I n f l a t i o n  

Leakage Packaging 

c o s t  

System Weight and Volume 

A coo l  gas genera tor  c o n s i s t s  of a gas  s t o r e d  a t  h igh  p res su re  and a 

h o t  gas p r o p e l l a n t .  For p r e s s u r i z a t i o n  of t h e  to rus ,  t h e  h o t  p r o p e l l a n t  gas  

is  mixed w i t h  t h e  s t o r e d  gas and i n j e c t e d  i n t o  t h e  s t o r a g e  volume r e s u l t i n g  

i n  a combined system which has a high r a t i o  of gas  volume t o  s t o r a g e  volume 

r e s u l t i n g  i n  a l igh tweight  design. I n f l a t i o n  ra te  i s  very rap id  r ega rd le s s  

of temperatures .  Cool gas from s t o r a g e  and h o t  gas from p r o p e l l a n t  are mixed 

i n  proper  propor t ions  r e s u l t i n g  i n  a gas temperature  t h a t  is  n o t  de t r imen ta l  

t o  the  f a b r i c .  

The h o t  gas genera tor  u t i l i z e s  exhaust products  from burning of a s o l i d  

o r  l i q u i d  p r o p e l l a n t  t o  achieve r ap id  i n f l a t i o n .  

de l ive red  a t  high temperatures,  i t  must be de l ive red  a t  a s u f f i c i e n t l y  h igh  

p res su re  t o  a l low f o r  subsequent cooling. These h igh  p res su res  and high 

temperatures  are harmful t o  t h e  f a b r i c  and e las tomers  of t h e  i n f l a t a b l e  

s t r u c t u r e  . 

Also, s i n c e  t h e  gas i s  

The s t o r e d  p res su r i zed  gas system was chosen f o r  t h e  paramet r ic  s t u d i e s  

p r imar i ly  because i t  is simple,  h igh ly  r e l i a b l e ,  and i t  is  competi t ive i n  

weight.  This  system c o n s i s t s  of a h igh  r a t i o  of gas  volume t o  s t o r a g e  volume. 
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High p res su re  gas i s  r e l eased  upon command through a p res su re  o r  flow device,  

f e d  i n t o  a manifold around t h e  gimbal r ing ,  and expanded i n t o  t h e  to rus .  The 

to rus  m u s t  be  f u l l y  i n f l a t e d  during parachute  descent  r equ i r ing  p r e s s u r i z a t i o n  

wi th in  40-50 seconds.  

energy t o  b r i n g  them t o  f u l l  i n f l a t i o n  e f f i c i ency .  However, by using helium 

as the  p r e s s u r a n t ,  thermal  energy i s  not  requi red .  Tank weight and s i z e  are 
2 based on s t o r i n g  helium at 5000 l b / i n  

to rus  i n f l a t i o n ,  t h e  s t o r a g e  tank  i s  r e l eased  wi th  t h e  parachute  t o  e l imina te  

a t t e n u a t i n g  t h i s  a d d i t i o n a l  energy a t  landing. 

This r ap id  expansion of most gases  r equ i r e s  thermal  

i n  a t i t an ium s p h e r i c a l  tank. Af t e r  

P e r t i n e n t  f e a t u r e s  of i n f l a t i o n  systems are summarized i n  F igure  6.6.2-4. 

6.6.2.3 Study r e s u l t s .  - I n  t h e  preceding paragraphs,  var ious  components 

of t h e  t o r u s  landing system were discussed and p r e f e r r e d  approaches s e l e c t e d .  

These components i nc lude  t h e  i n f l a t i o n  system and materials f o r  t h e  to rus .  

I n  a d d i t i o n ,  a n a l y t i c a l  methods and computer programs f o r  determining landing  

system weight and performance w e r e  presented.  

A s t o r e d  p res su r i zed  gas system using helium w a s  s e l e c t e d  i n  Sec t ion  

6.6.2.2. This  system is  comprised of the  gas and t h e  p re s su re  tank.  Associa- 

t e d  va lves  and l i n e s  are assumed t o  b e  a p a r t  of t h e  payload. 

ob ta ined  from Equation (14) (Sect ion 6.5.2.2) us ing  t i t an ium a l l o y  6lA-4V as t h e  

tank material and a f a c t o r  of s a f e t y  of  2.22. This  titanium a l l o y  has  t h e  

fol lowing p r o p e r t i e s :  

Tank weight is  

2 
= 160 000 l b / i n  FTU 

3 p = 0.160 l b / i n  

When t h e  l a n d e r  is  separa ted  from parachute ,  t h e  p re s su re  tank remains 

wi th  t h e  parachute .  

a l though i t  is considered p a r t  of landing system. 

Therefore ,  t h e  tank is n o t  inc luded  i n  landed mass 

Nomex c l o t h  w a s  s e l e c t e d  i n  Sect ion 6.6.2.2 f o r  t h e  to rus  material and 

is used i n  paramet r ic  s t u d i e s .  

1 000 000 

Nomex has a s t r e n g t h  t o  weight r a t i o  of 

Weight of e las tomer used t o  seal t h e  Nomex and provide 2' l b / i n  
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IN FLATION SYSTEMS 

STOWED PRESSURIZED GAS 
0 HIGH RATIO OF GAS VOLUME TO STORAGE VOLUME 
0 RAPID INFLATION 
0 COOL TEMPERATURES DUE TO EXPANSION OF SOME GASES 
0 SIMPLE AND RELIABLE 

COOL GAS GENERATOR 
0 HOT PROPELLANT GAS IS MIXED WITH STORED GAS 
0 RAPID INFLATION 
0 LIGHTWEIGHT 
0 SIMPLE 

HOT GAS GENERATOR 
0 HOT PROPELLANT GAS IS USED FOR INFLATION 
0 HOT GAS MAY BE HARMFUL TO MATERIALS 
0 LIGHTWEIGHT 
0 RAPID INFLATION 
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s c u f f  resistance is assumed t o  be equa l  t o  c l o t h  weight.  

f a c t o r  of 0.85 is  used t o  account f o r  weight of material overlap a t  seams. 
A seam e f f i c i e n c y  

Landing system design parameters f o r  100, 200, 300 and 400 pound payload 

weights  are shown i n  F igure  6.6.2-5 through 6.6.2-8. 

l anding  system weight ,  m a x i m u m  load  f a c t o r ,  t o r u s  r a d i u s  and i n f l a t i o n  p res su re  

as a func t ion  of landing ve loc i ty .  Using t h e s e  curves i t  is p o s s i b l e  t o  select 

t o r u s  geometry and i n f l a t i o n  p res su re  which result i n  minimum landing  system 

weight.  For  example, on Figure 6.6.2-5, t h e  dashed l i n e  de f ines  a minimum 

weight landing  system capable  of landing  a 100 pound payload a t  150 ft/sec. 

Landing system weight i s  115 pounds; lander  r ad ius  is 40 inches;  m a x i m u m  load  

f a c t o r  is 620 Ear th  8's; and i n f l a t i o n  p res su re  is  10 psig.  

t o  n o t e  t h a t  l oad  f a c t o r  could be reduced by using a l a r g e r  l ande r  r ad ius  wi th  

a s l i g h t  increase i n  landing system weight. 

ob ta ined  from Figures  6.6.2-5 through 6.6.2-8 are p l o t t e d  i n  F igure  6.6.2-9. 

as a func t ion  of landing v e l o c i t y  and payload weight.  

These curves de f ine  

It is  important  

Minimum landing system weight 
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6.7 Addi t iona l  Design Considerat ions 

6.7.1 PAYLOAD ATTACHMENT - Three concepts f o r  a t t a c h i n g  payload t o  t o r u s  

were s tud ied .  These concepts were: f ixed  payload, s i n g l e  gimballed payload,  

and double gimballed payload. 

The f i x e d  payload concept a t t a c h e s  the payload package d i r e c t l y  t o  t h e  

to rus .  S ince  t h e  t o r u s  is  b i - s t ab le ,  p rovis ions  f o r  instrument  deployment 

c o n s i s t  of one of t h e  fol lowing arrangements: 1) Dual experiments and equip- 

ment, 2) I n d i v i d u a l  gimbal l ing of s e l e c t e d  experiments r equ i r ing  o r i e n t a t i o n ,  

3) Use of a f l ip -over  mechanism t o  r i g h t  t h e  l ande r  i n  case i t  comes t o  rest 

upside down. This  la t ter  concept a l lows s i n g l e  instruments  and a s i n g l e  s o l a r  

a r ray .  

A s i n g l e  gimballed payload concept u t i l i z e s  one gimbal r i n g  loca ted  

around t h e  payload circumference as shown i n  F igure  6.6.1-4. The payload i s  

mounted i n  a s i n g l e  axis  t run ion  which allows t h e  e n t i r e  payload t o  r o t a t e .  

A gimbal l o c k  b ladder  i n s t a l l e d  around the per iphery  of t h e  payload d i s t r i b u t e s  

, impact loads  t o  t h e  gimbal r i n g  and i n t o  t h e  to rus  landing  system. This  con- 

cept  permi ts  i n s t a l l a t i o n  of s i n g l e  f ixed  ins t ruments  and a s i n g l e  s o l a r  a r r ay .  

The lock  b ladder  i s  i n f l a t e d  p r i o r  t o  en t ry  and vented a f t e r  landing.  A f t e r  

I t h e  payload has  r o t a t e d  t o  achieve  an upright  p o s i t i o n ,  t run ion  locks  are 

engaged t o  r i g i d i z e  t h e  gimbal mechanism. 

The double gimballed payload concept provides  t h e  payload w i t h  two axes 

of r o t a t i o n  thus  pe rmi t t i ng  alignment t o  l o c a l  g r a v i t y  vec to r .  This concept 

i s  similar t o  t h e  s i n g l e  gimbal concept wi th  t h e  except ion of another  t run ion  

axis l o c a t e d  i n  an i n n e r  gimbal r ing .  The i n n e r  gimabl and payload are 
, supported on p r e c i s i o n  bear ing  t run ions  during l eve l ing .  Trunions are i n  

elastic mounts so t h a t  they do n o t  carry any apprec iab le  load  during impact. 

The weight es t imated  f o r  t h e  s i n g l e  gimbal concept w a s  used i n  paramet r ic  

s t u d i e s  . 
I 6.7.2 REBOUND DAMPING - The i n f l a t a b l e  landing system s t o r e s  a l a r g e  

I rebound. Examination of test d a t a  given i n  Appendix A shows t h a t  t h e  average 

amount of energy dur ing  landing  which unless  d i s s i p a t e d ,  causes  cons ide rab le  
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v e l o c i t y  a t  second impact w a s  about 73 percent  of i n i t i a l  impact v e l o c i t y  f o r  

f l a t  landing  and about 88 percent  f o r  end landings.  

Rebound damping of a nonventing system is  dependent upon i n t e r n a l  working 

of t h e  f a b r i c  and gas. Previous l i m i t e d  drop t e s t i n g  of t h e  model i n d i c a t e d  

t h a t  energy l o s s e s  f o r  ob l ique  impacts may be  s i g n i f i c a t l y  h igher  than those  

occurr ing  f o r  f l a t  o r  end landing. 

landing  o r i e n t a t i o n  which w i l l  i n s u r e  a n  obl ique landing  i n i t i a l l y .  

tests and ana lyses  are needed t o  confirm t h i s  however. 

Thus, i t  may be d e s i r a b l e  t o  select a 

F u r t h e r  

Damping by e x t e r n a l  ven t ing  of t h e  torus  is accomplished by using e i t h e r  

f i x e d  o r  v a r i a b l e  o r i f i c e s .  

i m p a c t  swi t ch  which al lows p res su re  r e l i e f  a t  i n s t a n t  of impact. The v a r i a b l e  

o r i f i c e  is a method which r e g u l a t e s  i n t e r n a l  p re s su re  by allowing t h e  o r i f i c e  

area t o  i n c r e a s e  as t h e  i n t e r n a l  pressure  inc reases ,  thus  approaching i d e a l  

o r i f i c e  flow c h a r a c t e r i s t i c s .  Normally, performance is  increased  by u t i l i z i n g  

v a r i a b l e  o r i f i c e s  i n s t e a d  of f i x e d  o r i f i c e s .  However, because of low atmo- 

s p h e r i c  p re s su re  on Mars, t o r u s  pressures  do no t  i n c r e a s e  s i g n i f i c a n t l y  

dur ing  l and ing  thus  the  advantage o f fe red  by v a r i a b l e  o r i f i c e s  i s  reduced. 

The f i x e d  o r i f i c e  concept is  a c t i v a t e d  by an 

Rebound damping of t h e  landing system can a l s o  be accomplished by i n t e r -  

n a l  compartmentation wi th  permeable d iv ide r s ,  f i x e d  o r i f i c e s ,  o r  by c o n t r o l l e d  

vent ing.  

6.7.3 ALTERNATE LANDING SYSTEMS - Several i n f l a t e d  landing  systems in-  

c luding  i n f l a t a b l e  s i n g l e  sphere,  mul t ip le  spheres ,  s i n g l e  t o r u s ,  t r i p l e  t o rus ,  

and m u l t i p l e  t o r u s  w e r e  s tud ied .  As a r e s u l t  of t hese  s t u d i e s ,  t h e  t r i p l e  

t o rus  conf igu ra t ion  shown i n  F igu re  6.7.3-1 w a s  chosen as an a l t e r n a t e .  This  

conf igu ra t ion  c o n s i s t s  of t h ree  i n f l a t e d  t o r i  surrounding t h e  payload. The 

two l a r g e  t o r i  are designed t o  a t t e n u a t e  t h e  payload wh i l e  t h e  small t o r u s  i s  

used t o  prevent  t h e  lander  from coming t o  rest on edge. 

s i m i l a r  t o  t he  s i n g l e  to rus .  

f i g u r a t i o n  is t h e  c a p a b i l i t y  f o r  d e f l a t i n g  t h e  upper t o r u s  thus  g r e a t l y  in- 
c reas ing  space  a v a i l a b l e  f o r  atmospheric s enso r  deployment. Although t h e  

t r i p l e  t o r u s  landing  system i s  s l i g h t l y  l i g h t e r  i n  weight than  t h e  s i n g l e  

t o r u s  t h i s  advantage is overshadowed by the  complicat ions of a d d i t i o n a l  m a n i -  

f o l d s  and valves i n  t h e  i n f l a t i o n  system. 

Payload attachment is  

The primary advantage o f  t h e  t r i p l e  t o rus  con- 
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FIGURE 6.7.3-1 
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6 . 8  Conclusions 

I n f l a t a b l e  to rus  landing systems a r e  f e a s i b l e  f o r  t h e  range of landing  1 
v e l o c i t i e s  and payload weights  considered. Reasonable landing  system weights  

are achieved f o r  payload weights up t o  400 l b  and landing v e l o c i t i e s  less than  

I about 150 f t / s e c .  A t  h ighe r  v e l o c i t i e s ,  landing system weight i nc reases  

r ap id ly .  

then  t h e  i n f l a t a b l e  t o r u s  concept may be d e s i r a b l e  f o r  v e l o c i t i e s  above 150 

f t / s e c  a l s o .  

test  s o  t h a t  t h e  t i m e  from f i r s t  impact t o  rest can be  minimized. 

However, i f  minimizing landing  load  f a c t o r s  i s  a s e r i o u s  requirement,  

I Methods f o r  reducing rebound should be  s t u d i e d  and v e r i f i e d  by 

Payload s t r o k e s  and a c c e l e r a t i o n s  can be determined a n a l y t i c a l l y  f o r  f l a t  

l andings  us ing  a two degree of freedom model. Parameters used i n  t h e  a n a l y t i -  

cal  model were def ined  and v e r i f i e d  by test .  I n  genera l ,  s t r o k e s  requi red  

f o r  end landings  are approximately twice t h e  s t r o k e s  requi red  f o r  f l a t  landings.  

However, a c c e l e r a t i o n s  experienced by payload during an  end landing  were about 

one-half those  experienced during f l a t  landings.  

I '  
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APPENDIX A - TEST RESULTS 

S t a t i c  and dynamic tests of a model lander  were conducted t o  o b t a i n  

~ a p i r . i . c d l  d a t a  f o r  lander  paramet r ic  s tud ie s .  The test  model, shown i n  

Figure kl, c o n s i s t s  of an i n f l a t e d  to rus  cont inuously a t t ached  t o  an i n n e r  

payload r ing .  

is 13.14 inches .  

Maximum diameter of model is 42.78 inches and payload diameter  

Resu l t s  of s t a t i c  and dynamic tests a r e  presented  i n  t h i s  s ec t ion .  

S t a t i c  Tests - S t a t i c  test set-up i s  shown i n  F igure  A-2 f o r  f l a t  and end 

tests. The to rus  r e s t e d  on a f l a t  r i g i d  s u r f a c e  and load was app l i ed  t o  t h e  

payload r ing .  A l l  tests were conducted in  ambient condi t ions  and i n t e r n a l  

t o r u s  p re s su re  w a s  measured throughout the test .  Payload displacement w a s  

read from a scale and p o i n t e r  device.  The tes t  schedule  is  a l s o  shown i n  

Figure A-2. F l a t  and end loading s t a t i c  test r e s u l t s  are shown i n  F igures  

A-3 and A-4 r e spec t ive ly .  

Dvnamic Tests - Dynamic tests of the  t o r u s  w e r e  conducted by dropping 

t h e  model as shown i n  F igure  A-5. Tests were conducted i n  t h e  Zero Gravi ty  

Research F a c i l i t y  a t  t h e  NASA L e w i s  Research Center i n  Cleveland, Ohio. The 

drop test schedule  is  shown i n  F igure  A-6. 

For f l a t  landings,  t h e  to rus  w a s  guided by a s i n g l e  cable  s t r e t c h e d  from 

t h e  top of the  chamber t o  t h e  landing sur face .  The lower p o r t i o n  of t h e  cab le  

w a s  c a l i b r a t e d  so  t h a t  payload s t r o k e  could be read from high-speed f i lms .  

Timing marks were p laced  on f i lms  s o  t h a t  landing v e l o c i t y  could be determined 

a l s o .  One 

camera focused d i r e c t l y  on t h e  cable  f o r  s t r o k e  and v e l o c i t y  measurements 

whi le  t h e  o t h e r  two, spaced 90 degrees apa r t ,  recorded l ande r  o r i e n t a t i o n  

during impact. 

of a p r e s s u r e  t ransducer  l oca t ed  on t h e  payload. 

meters were used t o  measure acce le ra t ions  i n  t h r e e  or thogonal  d i r e c t i o n s  during 

impact. For  many of t h e  drops,  second, t h i r d ,  and sometimes f o u r t h  impact d a t a  

were ob ta ined ,  Resul t s  of f l a t  landing  tests are presented  i n  Table A-1. 

Three h igh  speed cameras were loca ted  a t  t h e  landing  su r face .  

I n t e r n a l  p re s su re  w a s  monitored throughout each test  by means 

Three s ing le -ax i s  acce lero-  
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TEST MODEL DESCRIPTION 

I 

t 

I 

I 

i 

i 
1 

~ 

! 

I 
I 

; 
I 

I 
1 
I 

! 

+ Y  

IN FLATION PAYLOAD RING (ALUMINUM) 

TORUS(DACRONCLOTH- 
POLYURETHANE 
COA TIN G) ALL DIMENSIONS IN INCHES 

FIGURE A-1 
A-2 

58 



1 
I 

PRESSURE 
GAUGE 

NUMBER I TEST 

STATIC TEST SET-UP 

I INITIAL MAXIMUM 
LANDER PRESSURE PAYLOAD STROKE 

(IN.) 
ORIENTATION (PSIG) 

FORCE 

RIGID 
LOADING 1/ FRAME 

1 
2 
3 
4 
5 

SCALE & POINTER 

FLAT LOADING 

I 

FLAT 2.0 3 .O 
FLAT 4.0 4.0 
FLAT 6.0 5.0 
END 2.0 5.0 
END 4.0 6.5 

W 
PRESSURE 
GAUGE 

us 

END LOADING 

SCH EDU LE 
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FIGURE A-2 
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FIGURE A-3 

A-4 
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FIGURE A-4 

A-5 
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DYNAMIC TEST SET-UP 

I INSTRUMENTATION 

CALIBRAT ION 

FLAT LANDING END LANDING 

PURPOSE 

3 - HIGH SPEED CAMERAS 

1 - PRESSURE TRANSDUCER 

-- I 

DETERMINE PAY LOAD STROKE, 
LANDING VELOCITY AND LANDER 
ORIENTATION 

DETERMINE TORUS PRESSURE AT 
IMPACT 

I 3 - ACCELEROMETERS DETERMINE ACCELERATIONS IN 1 THREE DIRECTIONS 
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FIGURE A-5 
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TORUS DYNAMIC TEST SCHEDULE 

t 

I 
TEST 

NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

LANDING 
ATTITUDE 

I N F LA TI ON 
PRESSUR E 

PSlG NOMINAL) 

~~ 

PAY LOAD 
WEIGHT 

(LB) 

11.0 
4.1 
7.5 
7.5 
7.5 
4.1 

11.0 
4.1 
7.5 
4.1 

11.0 
7.5 
4.1 
7.5 
4.1 
7.5 
4.1 
4.4 
4.4 
4.4 
4.4 
4.4 
7.8 
7.8 

- 
DROP 

HEIGHT 
(FT)  

25.0 
25.0 
25.0 
25.0 

6.2 
6.2 
6.2 

39.0 
56 .O 
56.0 
56.0 
76.0 
99.5 
56.0 
56.0 
99.5 

155.0 
56.0 
99.5 
56.0 
99.5 

155.0 
56.0 
99.5 
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FIGURE A-6 
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TEST 
P4UMBER 

1 
1 

2 
2 

3 
3 

4 
4 

5 
5 
5 
5 

6 
6 
6 

7 
7 

8 
8 

9 
9 

10 
10 
10 
10 

IMPACT 
(UMBER 

1 
2 

1 
2 

1 
2 

1 
2 

1 
2 
3 
4 

1 
2 
3 

1 
2 

1 
2 

1 
2 

1 
2 
3 
4 

'AY LOAD 
WEIGHT 

(LB) 

11.0 
11 .o 
4.1 
4.1 

7.5 
7.5 

7.5 
7.5 

7.5 
7.5 
7.5 
7.5 

4.1 
4.1 
4.1 

11.0 
11.0 

4.1 
4.1 

7.5 
7.5 

4.1 
4.1 

- 4.1 
4.1 

NOTE: (1) NO DATA OBTAINED 

TABLE A-1 

MODEL DYNAMIC TEST RESULTS 
FLAT LANDING 

NFLATDh 
'RESSURE 
L B A N ~ )  

2.0 
2 .o 
2.0 
2 .o 
( 1) 
( 1) 

2.1 
2.1 

2.1 
2.1 
2.1 
2.1 

2.1 
2.1 
2.1 

2.1 
2.1 

2.1 
2.1 

3.8 
3.8 

3.8 
3.8 
3.8 
3.8 

LAND IN G 
'E LOCITY 
[F T /S E C) 

36 
26 

39 
23 

(1) 
(1) 

39 
34 

19 
15 
12 
8 

20 
14 
7 

19 
17 

50 
32 

60 
51 

60 
40 
27 
18 

MAXIMUM 
PAY LOAD STROKE 

(IN.) 

3.8 
3.1 

2.9 
2 .o 
( 1) 
(1) 

3.7 
3.1 

1.8 
1.5 
1.2 
0.9 

1.5 
1 .o 
0.6 

2.0 
1.8 

4.0 
2.4 

4.3 
3.4 

3.7 
2.3 
1.5 
1 .o 

MAXIMUM LOAD FACTOR ON 
PAY LOAD (EARTH g'S) 

"z 

17 
13 

24 
5 

(1) 
(1) 

18 
10 

22 
7 

12 
13 

25 
17 
15 

24 
18 

13 
18 

16 
24 

3 
5 
3 
2 
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Y 
n 

32 
6 

8 
26 

(1) 
(1) 

11 
8 

2 
9 
9 
6 

20 
9 
3 

17 
13 

13 
15 

17 
22 

11 
9 

22 
13 

" x  

134 
105 

252 
14 1 

159 
(1) 

177 
164 

(1) 
(1) 
(1) 
47 

1 25 
83 
45 

82 
72 

289 
206 

365 
322 

487 
325 
250 
187 

A-9 



- 
TEST 

NUMBER 

11 
11 
11 

12 
12 
12 

13 
13 
13 
13 

14 
14 
14 

15 
15 
15 
15 

16 
16 
16 

17 
17 
17 
17 

IMPACT 
4UMBER 

1 
2 
3 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 

1 
2 
3 
4 

1 
2 
3 

1 
2 
3 
4 

TABLE A-1 (Continued) 

MODEL DYNAMIC TEST RESULTS (Continued) 
FLAT LANDING 

'AY LOAD 
WEIGHT 

(LB) 

11.0 
11.0 
11.0 

7.5 
7.5 
7.5 

4.1 
4.1 
4.1 
4.1 

i .5 
7.5 
7.5 

4.1 
4.1 
4.1 
4.1 

7.5 
7.5 
7.5 

4.1 
4.1 
4.1 
4.1 

4FLATION 
'R ESSURE 
,BAN*) 

3.8 
3.8 
3.8 

3.8 
3.8 
3.8 

3.8 
3.8 
3.8 
3.9 

5.8 
5.8 
5.8 

5.8 
5.8 
5.8 
5.8 

5.8 
5.8 
5.8 

5.8 
5.8 
5.8 
5.8 

LAND I NG 
'E LOC I TY 
(F T/SEC) 

60 
53 
46 

70 
57 
46 

80 
58 
34 
22 

60 
50 
41 

60 
41 
28 
19 

80 
68 
53 

100 
67 
42 
26 

MAX MUM 
'AY LOAD STROKE 

(IN.) 

5.2 
4.4 
3.8 

5.2 
4.2 
3.7 

5.3 
3.3 
2.1 
1.4 

3.8 
3 .O 
2.3 

3.2 
2.1 
1.4 
0.9 

5.4 
4.3 
3.3 

5.8 
3.4 
2.0 
1.2 

MAXIMUM LOAD FACTOR ON 
PAY LOAD (EARTH g'S) 

"2 

21 
17 
12 

18 
13 
12 

14 
22 
16 
9 

15 
16 
12 

14 
16 
31 
36 

18 
17 
15 

218 
(1) 
(1) 
(1) 

Y 
n 

18 
19 
18 

24 
26 
12 

9 
35 
13 
16 

14 
10 
9 

11 
20 
15 
13 

6 
15 
17 

119 
94 
26 
25 

"X 

295 
265 
250 

425 
362 
3 25 

642 
425 
314 
20 1 

450 
419 
312 

625 
4 25 
312 
187 

562 
498 
435 

942 
653 
427 
25 1 

65 

A-10 

MCDONNELL ASTRONAUTJCS COMPANY 



For end landings,  t he  t o r u s  w a s  guided by two cables  as shown i n  

F igure  A-5. Ins t rumenta t ion  used t o  measure v e l o c i t y ,  s t r o k e ,  and acce lera-  

t i o n  w a s  s imilar  t o  t h a t  used f o r  f l a t  landing tests.  

tests are presented  i n  Table A-2. 
1 Resul t s  of end landing 

t 

I 
I 

66 



TEST 
)(UMBER 

18 
18 
18 

19 

20 
20 

21 
21 

22 

23 
23 

24 
24 

NF LATION 
PRESSURE 
:LB/ IN~)  

IMPACT 
NUMBER 

1 
2 
3 

1 

1 
2 

1 
2 

1 

1 
2 

1 
2 

IMPACT 
VELOCITY 
(FT/SEC) 

'AY LOAC 
WEIGHT 

(LB) 

4.2 
4.2 
4.2 

4.2 

6 .O 
6 .O 

6.0 
6 .O 

6.0 

6.0 
6 .O 

6.0 
6.0 

4.4 
4.4 
4.4 

4.4 

4.4 
4.4 

4.4 
4.4 

4.4 

7.8 
7.8 

7.8 
7.8 

58 
42 
38 

79 

56 
48 

80 
54 

100 

60 
54 

80 
72 

TABLE A-2 

MODEL DYNAMIC TEST RESULTS 
END LANDING 

MAXIMUM 
'AY LOAD STROKE 

(IN.) 

8.8 
7.3 
4.6 

11.0 

8.1 
6.5 

10.5 
7.5 

13.3 

8.8 
8.0 

11.7 
10.1 

MAXIMUM LOAD FACTOR ON 
PAY LOAD (EARTH g'S) 

21 
9 
5 

28 

24 
20 

36 
(1) 

40 

16 
17 

32 
22 
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Y 
n 

195 
152 
120 

278 

245 
205 

325 
2 08 

419 

195 
173 

2 90 
245 

"X 

21 
9 
7 

62 

14 
9 

25 
(1) 

38 

8 
6 

14 
9 - 
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